The initial steps toward routinely applying mass spectrometry in the biochemical laboratory have been achieved. In the past, maw spectrometry was confined to the realm of small, relatively stable molecules; large or thermally labile molecules did not survive the desorpdion and ionization processes intact. Electrospray ionization (ESI) and matrixassisted laser desorption/ionization (MALDI) mass spe met allow for the analysis of both small and large biomolecules through "mild" desorption and ionization methods. (MALDI). Commercial availability of these instruments has made routine the analysis ofcompounds including proteins, peptides, carbohydrates, oligonucleotides, natural products, and drug metabolites. ESI and MALDI mass spectrometry offer picomole-to-femtomole sensitivity, enabling the direct analysis of biological fluids with a minimum amount of sample preparation. These techniques can be used to measure the mass of biomolecules >200,000 Da, to provide structural information, and to detect noncovalent complexes with molecular weight accuracy on the order of ±0.01%. They signify another dimension in molecular characterization through a new level of sensitivity, accuracy, and mass range.
Advances in chemical technology have been the engine powering the biotechnology industry. Analytical chemists have added fresh impetus to bioresearch with two new mass spectrometry ionization tools: electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). Commercial availability of these instruments has made routine the analysis ofcompounds including proteins, peptides, carbohydrates, oligonucleotides, natural products, and drug metabolites. ESI and MALDI mass spectrometry offer picomole-to-femtomole sensitivity, enabling the direct analysis of biological fluids with a minimum amount of sample preparation. These techniques can be used to measure the mass of biomolecules >200,000 Da, to provide structural information, and to detect noncovalent complexes with molecular weight accuracy on the order of ±0.01%. They signify another dimension in molecular characterization through a new level of sensitivity, accuracy, and mass range.
Mass spectrometry is based on producing, differentiating, and detecting ions in the gas phase. The transfer of small molecules into the gas phase has traditionally been accomplished by thermal vaporization; however, thermal thermally unstable molecules has little use. In fact, the search for ionization sources that would transfer large, thermally labile molecules into the gas phase without degradation has occupied mass spectrometrists for many years. It has largely been the development of ESI and MALDI that have made routine what was, until recently, impossible.
The trick has been forming ions in the gas phase; once formed, the ions can be directed electrostatically into a mass analyzer that differentiates the ions according to their mass-to-charge ratio (m/z). Although the analyzers have not changed significantly in the past two decades, the changes that have been made have been largely stimulated by the development of the ESI and MALDI ionization sources.
Both ESI and MALDI-MS support biochemical research, each having unique capabilities, as well as some fundamental similarities. Although there are many exciting examples of how they are being used as bioanalytical tools, their basic utility in molecular characterization should not be underestimated. ESI and MALDI-MS offer a rapid, simple, and accurate means of obtaining molecular weight information on a wide range of compounds. Their utility for mass measurement meets the needs ofchemists and biologists alike, facilitating routine characterization in small molecule synthesis, protein synthesis, and compounds obtained directly from biological matrices.
ESI
The utility of ESI (1) (2) (3) (4) (5) (6) (7) (8) (9) lies in its ability to produce singly or multiply charged gaseous ions directly from an aqueous or aqueous/organic solvent system by creating a fine spray of highly charged droplets in the presence of a strong electric field ( Fig. 1) (8) . The sample solution is typically sprayed from the tip of a metal syringe maintained at -4000 V. Dry gas, heat, or both are applied to the highly charged droplets, causing the solvent to evaporate. Evaporation causes the droplet size to decrease, while surface charge density increases. Ions are transferred to the gas phase as a result oftheir expulsion from the droplet and then directed into a mass analyzer through a series of lenses.
Typically, ESI is interfaced with quadrupole mass analyzers because quadrupoles tolerate high pressures (10-5 torr; 1 torr = 133.3 Pa) and have good resolving power (=2000). An intrinsic property of all mass analyzers (including quadrupole mass analyzers) is that they separate ions according to their mass-to-charge ratio (m/z), not the mass. This is often a point ofconfusion, especially with the ESI techniques, which typically generate multiply charged ions (Fig. 2 ). An advantage of multiple charging is that a mass analyzer with a relatively small m/z range (quadrupole instruments) can be used to observe very large molecules. The data generated via multiple charging can then be used to determine molecular weight. Another advantage of multiple charging is that more accurate molecular weight can be obtained from the distribution of multiply charged peaks. The mass spectrum of egg white lysozyme (in Fig. 2 sociation (CID) and/or collision-activated dissociation (CAD), is accomplished by selecting an ion of interest with the mass analyzer and introducing that ion into a collision cell. The selected ion will collide with a collision gas such as argon, and the collision may result in fragmentation. The fragments can then be analyzed to obtain a daughter ion spectrum. The information obtained from tandem mass analysis is primarily used to obtain structural information. ESI typically uses a triple-quadrupole mass spectrometer (22) with collision-induced dissociation to perform these analyses. A brief description of MS2 and MS3 experiments with a triple-quadrupole mass analyzer is given in Fig; 5 . ESI with a single-quadrupole mass analyzer is also capable of generating and analyzing fragment ions; however, this is generally applicable to only very pure samples.
Perhaps the most well-known application of ESI tandem mass analysis (with a triple-quadrupole mass analyzer) is the work done by Don Hunt and colleagues (23) (24) (25) (26) . In these studies ESI tandem mass spectrometry was used in conjunction with HPLC separation techniques to identify major histocompatibility complex-bound peptides (Fig. 6 ). The quantity of peptide used to obtain structural information was on the order of tens of femtomoles, ultimately resulting in the identification of a peptide with a high affinity for cytotoxic T lymphocytes (killer T cells) (23) .
Many biological problems are now being addressed at the molecular level; therefore, the ability to characterize a compound or compounds from biological media has taken on additional importance. Don Hunt and colleagues have demonstrated the ability to characterize 9-residue peptides at very low quantities, thus addressing the characterization of major histocompatibility complex-bound peptides. Three laboratories at The Scripps Research Institute have also utilized ESI capabilities to investigate sleep (27) and the compounds associated with this event. Lerner and colleagues (27) have performed studies on cerebrospinal fluid, extensively using HPLC-MS, MS2, and the MS3 (Fig. 7) capabilities of ESI triple-quadrupole mass analysis (Fig. 6 (27) . The parent ion, m/z 282, is added to the spectrum for clarity. The mass data, in conjunction with NMR and independent synthesis, have aided in the characterization of this compound.
possibility of correlating condensedphase intermolecular interactions with mass spectrometry has captured the attention of many researchers. For the first time, mass spectrometry can be used as a tool to observe complexes in the gas phase taken from an aqueous environment, thereby providing insights into specific noncovalent associations in solution. The selectivity of mass spectrometry may eventually help avoid impurity problems associated with immunoaffinity procedures and also facilitate drug screening. Examples include the observation of the heme globin complex (29) , the ternary complex of dimeric human immunodeficiency virus type 1 protease and an inhibitor (30), oligonucleotide duplex (31, 32) , calciummediated cell-surface carbohydrate association (33) , catalytic antibodyhapten interactions (34) (Fig. 8) , and leucine zipper peptides (35) . Recent (Fig. 9) . Further study (40) of other gaseous protein ions suggests their compactness in vacuo corresponds directly to known conformer structures in solution. These studies suggest the nature of proteins in the gas phase is, to some extent, a reflection of the solution-phase structure.
The ability to observe a basic protein characteristic (native structure versus denatured) has also been addressed by using ESI-MS. ESI-MS has been identified as a simple and effective device for investigating the denaturation ofproteins (37, 39) (Fig. 11) . Each amino acid in this sequence is identified from the mass difference between successive peaks. The protein ladder sequencing method has also been shown to be useful in locating posttranslation modifications-e.g., phosphoserine residues in a phosphopeptide (see Fig. 11 Upper).
DNA Sequencing. The analysis of oligonucleotides by MALDI has enjoyed a reasonable degree of success (59-63) Quantitative Aspects of MALDI-MS. In addition to producing a "characteristic signal," quantitative information is often necessitated from analytical equipment. Recent papers have demonstrated the ability of MALDI to yield quantitative data. The use of MALDI-MS as a technique for molecular weight determinations on biopolymers has been demonstrated repeatedly, yet until recently only a limited amount of work has been presented on its applicability to quantitation and the characterization of low-molecular-weight compounds. Recent research on the quantitative aspects ofMALDI has included both small and large molecules. These initial studies have been done with carbohydrates (50, 66, 67) , peptides (51, (68) (69) (70) , proteins (53, 68) , small molecules (51), and drugs (52, 66) . In general these results suggest that the use of an internal standard, similar to the molecule of interest, will enable quantitative information to be obtained. Fig. 13 illustrates the applicability of MALDI-MS to quantifying cell drug uptake using an internal standard as compared with scintillation counting.
MALDI-MS has an inherent problem in obtaining quantitative information sim- These examples further demonstrate the capabilities of MALDI-MS as a tool for characterization and quantitation. However, because MALDI is usually combined with time-of-flight mass analysis, it typically suffers from low resolution, which, in turn, adds difficulty to interpreting the mass spectra accurately. Increasing accuracy has been a primary motivating factor for MALDI-MS in the development of other higher-resolution analyzers, including the time-of-flight reflectron and Fourier-transform ion cyclotron resonance mass analyzers. For instance, the time-of-flight reflection analyzer can provide good resolution and has recently been demonstrated as a tool for tandem mass analysis (71, 72) . The combination of time-of-flight and reflectron mass analyzers has significantly increased the resolving power of these instruments for m/z c 6000. However, Fourier-transform ion cyclotron resonance mass spectrometry (FTMS), combined with both ESI and MALDI, are now offering the greatest potential in high-resolution mass analysis.
High-Resolution ESI and MALDI-MS. An important characteristic of any mass spectrometer is its resolving power. Resolution is the ability of a mass spectrometer to distinguish between ions of different mass-to-charge ratios. Greater resolving power corresponds directly to the increased ability to differentiate ions. For instance, a mass spectrometer with a resolution of500 can distinguish between ions of m/z = 500 and 501, whereas a (73) . Perhaps the most common is where M is the mass of a peak of interest and AM can be defined as the width ofthe peak at 50%6 of the height or "full-width at half maximum" (FNWHM).
High resolution is important for biopolymer analysis because it allows for high accuracy. Fig. 14 Fig. 15 ). Furthermore, larger errors are avoided that occur when the measured peak envelope includes impurity or adduct ions. This attribute also benefits tandem mass spectrometry of peptides, in that the dissociation of these ions yields fragment masses consistent (to <0.1 Da) with their amino acid sequences (78) . This technology has also been proven useful for the rapid sequencing of oligonucleotides as large as 25 bases (79) . CONCLUDING REMARKS AND 
FUTURE PROSPECTS
The development of new ionization sources has been the platform for routine 
